The light field on coral reefs varies in intensity and spectral composition, and is the key regulating factor for phototrophic reef organisms, for example scleractinian corals harbouring microalgal symbionts. However, the actual efficiency of light utilization in corals and the mechanisms affecting the radiative energy budget of corals are underexplored. We present the first balanced light energy budget for a symbiont-bearing coral based on a fine-scale study of the microenvironmental photobiology of the massive coral Montastrea curta. The majority (more than 96%) of the absorbed light energy was dissipated as heat, whereas the proportion of the absorbed light energy used in photosynthesis was approximately 4.0% under an irradiance of 640 mmol photons m 22 s
Introduction
Coral reefs are among the most productive and diverse ecosystems on the Earth despite being situated mainly in oligotrophic tropical waters. The evolutionary success of this important ecosystem is largely attributed to the successful symbiosis between the coral host (a cnidarian) and its photosynthetic microalgal endosymbionts (dinoflagellates in the genus Symbiodinium). These so-called zooxanthellae excrete photosynthates, which can provide up to 95% of the energy demand of their cnidarian hosts [1, 2] . Photosynthesis is the process where solar energy is converted into chemical energy and stored as biomass in phototrophic organisms. It is driven by photons absorbed by pigment-protein complexes resulting in a charge separation at the two reaction centres of the photosystems [3, 4] . At low irradiance, the photosynthesis is limited by the rate of energy supply to the photosystems, whereas at higher irradiances enzymatic reactions limit the rate of energy transformation and thus lead to the increasing saturation of photosynthesis with irradiance [3] . Excess absorbed light energy that is not used for photosynthesis, especially at high photon fluxes, is dissipated as heat and fluorescence. Dissipation of excess light energy as heat is in part because of various photoregulatory mechanisms termed non-photochemical quenching (NPQ). NPQ is used by photosynthetic cells under high light to avoid photodamage, such as degradation of pigments and enzymes by reactive oxygen species produced in de-excitation of the triplet state of Chl ( 3 Chl * ) [3, 5] .
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Photosynthetic organisms employ various mechanisms to avoid photodamage, where heat dissipation through NPQ is just one effective short-term way to get rid of excess energy. Long-term regulation, and thereby protection, can be achieved by regulating the amount of light-harvesting and carotenoid pigments [6, 7] . Corals acclimatized to high irradiance often appear more transparent than those acclimatized to low light conditions owing to lower pigment concentrations per cell or the spatial organization of chloroplasts ensuring a lower absorption cross section [8] . Another long-term regulatory mechanism in corals is to upregulate the expression of protective coral host pigments, which absorb light in the blue to orange region of the photosynthetically active radiation (PAR) spectrum without inducing oxygenic photosynthesis [9] [10] . Host pigment absorption and subsequent energy dissipation via reflection or fluorescence of photons may thus result in lower photosynthetic quantum efficiencies (QEs) but host pigments may also ensure photoprotection in high irradiance environments [11, 12] and might give rise to scattering phenomena and wavelength transformations that could enhance photosynthesis [11, 13] . However, some other members of the large family of GFP-like host pigments fulfil presumably different as yet unresolved functions in reef corals [14] .
Absorbed solar radiation can also drive an increase in the surface temperature of corals relative to the ambient seawater [15 -17] and such warming correlates linearly with incident irradiance [15] . The increase in surface temperature is counterbalanced by convective heat transfer to the surrounding water, leading to the establishment of a thermal boundary layer (TBL) [15] . The presence of a TBL limits the rate of convective heat dissipation from the coral surface, as the TBL acts as an insulating barrier, the thickness of which is decreasing with the inverse power of the flow velocity [18] . The TBL behaves analogous to the diffusive boundary layer, which at low flow velocity impedes mass transfer and thereby affects coral gas exchange and nutrient uptake [19] [20] [21] as well as the rate of photosynthesis and respiration [15, 22, 23] .
Corals in shallow reef habitats are exposed to high downwelling irradiance of more than 2000 mmol photons m 22 s
21
, especially during midday low-tide periods [16] . The variability of light in the reef environment is not only underlying diurnal dynamics modulated by tides but corals also experience pulses of high intensity light exposure owing to wave focusing producing short duration flashes of more than 9000 mmol photons m 22 s
, with up to more than 350 light flashes per minute in shallow waters [24] . Excess absorbed light energy can lead to photoinhibition and damage the photosystems and coral light absorption can increase the temperature in the coral microenvironment, potentially aggravating negative responses to elevated seawater temperatures [15, 18] . High irradiance in combination with elevated water and coral tissue temperatures can induce a cascade of stress responses in corals ultimately leading to the breakdown of the algal-cnidarian symbiosis (owing to the excretion of symbionts and/or pigment degradation of the algal symbiont), which is termed as coral bleaching [25] [26] [27] [28] . Moreover, nutrient starvation reduces the photosynthetic efficiency of zooxanthellae and renders corals more susceptible to bleaching [29] . This demonstrates the importance of understanding the mechanisms regulating radiative energy dissipation and the fate of absorbed light energy within corals.
It has been shown that corals are highly efficient at collecting [30, 31] and using solar radiation [32, 33] . It is known that more than 90% of incident PAR (400-700 nm) can be absorbed by corals and calculations have suggested that their QEs are close to theoretical limits (i.e. 0.125 O 2 photon 21 as eight photons are needed to separate the electrons required to produce one O 2 molecule [3, 32, 34] ). There is also mounting evidence that corals have unique optical properties that could relate such high efficiency to efficient light capture [21, 30, 35, 36] . However, a closed radiative energy budget for corals and direct microscale measurements of the photosynthetic QE of zooxanthellae in hospite are lacking. In this study, we apply an experimental approach developed for photosynthetic biofilms [37] to determine the first balanced light energy budget of a coral as a function of incident irradiance and flow velocity. This was obtained by combining fibreoptic and electrochemical microsensor measurements of light reflectance and absorption, rates of gross photosynthesis (GPP) and coral tissue surface warming. Such detailed measurements of the main energy dissipating mechanisms in coral tissue allowed us to estimate the proportion of the absorbed light energy used by photosynthesis and dissipated as heat, respectively. Furthermore, such measurements provided the first measurements of the local QE of zooxanthellae photosynthesis at depth within coral tissue. 
Material and methods

Coral samples
Experimental set-up
Small fragments of M. curta were placed in a custom-made black acrylic flow-through chamber for at least 45 min prior to the microsensor measurements to ensure steady-state O 2 and temperature conditions (as confirmed from repeated microprofile measurements). Corals were illuminated with a defined irradiance regime and were continuously flushed with aerated seawater (258C and a salinity of 33) at an average flow velocity of either approximately 0.4 or 0.8 cm s 21 as maintained by a submerged water pump in a 20 l thermostated aquarium reservoir.
Illumination was provided by a fibre-optic tungsten halogen lamp (KL-2500, Schott GmbH, Germany) equipped with an internal heat filter and a collimating lens positioned vertically above the flow-through chamber (figure 1). The light intensity of the lamp could be regulated without spectral distortion by a built-in filter wheel with pinholes of various sizes. The downwelling quantum irradiance in the PAR range (400-700 nm) (E d in mmol photons m 22 s
21
) was measured with a calibrated quantum irradiance meter (ULM-500, Walz GmbH, Germany) equipped with a planar cosine collector (LI-192S, LiCor, USA). The experimental irradiances (160, 320, 640, 1280 and 2400 mmol photons m 22 s
) were achieved by adjusting the aperture on the fibre-optic halogen lamp without any spectral distortion. The downwelling spectral irradiance at the abovementioned quantum irradiance levels was also measured in radiometric energy units (in W m 22 nm
) with a calibrated spectroradiometer (Jaz A0523, Ocean Optics, Dunedin, FL, rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20130997 USA). The coral fragment was positioned at the centre of the light beam. The complete set-up was covered with a black cloth to avoid stray light.
Microsensor measurements
Spectral scalar irradiance, E 0 (l), was measured with a fibre-optic scalar irradiance microprobe (integrating sphere diameter approx. 100 mm [38, 39] ) connected to a fibre-optic spectrometer (USB 2000þ, Ocean Optics, USA). We used a black non-reflective light well to measure the incident downwelling spectral irradiance, E d (l) table 1, at the same distance from the light source as done with the measurements on the coral surface; in a collimated light beam the downwelling scalar irradiance and the downwelling irradiance are identical [40] . The spectral reflectance was measured with a fibre-optic field radiance microprobe [41, 42] .
Oxygen concentrations were measured with Clark-type microelectrodes (tip diameter approx. 25 mm, OX-25, Unisense A/S, Aarhus, Denmark) with a fast response time (less than 0.5 s) and a low stirring sensitivity (less than 1 -2%) [43, 44] . The microsensor was connected to a pA-meter (Unisense A/S) and was linearly calibrated, at experimental temperature and salinity, from measurements in aerated (free-flowing part of the flow chamber) and anoxic seawater (flushed with N 2 ).
Temperature measurements were performed with a thermocouple microsensor (tip diameter approx. 50 mm; T50, Unisense A/S) connected to a thermocouple meter (Unisense A/S). The temperature microsensors were linearly calibrated against a high precision thermometer (Testo 110, Testo AG, Germany; accuracy +0.28C) in seawater at different temperatures. Both temperature and O 2 microsensors were connected to an A/D converter (DCR-16, Pyroscience GmbH, Germany) interfaced with a PC running data acquisition software (ProFix, Pyroscience GmbH).
Microsensor measurements of spectral scalar irradiance, spectral radiance, O 2 and temperature were done with the sensors approaching the coral surface at a 458 angle relative to the vertically incident light beam to avoid self-shading. The microsensors were mounted on a PC-interfaced motorized micromanipulator (MU-1, PyroScience, GmbH) controlled by dedicated data acquisition and positioning software (ProFix, Pyros-Science GmbH); the software automatically corrected for the sensor inclination and all depths are given in vertical distances.
The microsensor was positioned at the coral tissue surface (defined as 0 mm depth) by means of the micromanipulator and observed using a stereo-microscope (7Â -90Â, AmScope, Irvine, CA, USA). Microsensor measurements of temperature, O 2 and scalar irradiance on and within coral coenosarc tissue were performed as described previously [15, 35] (see figure 1 ). All profiles were measured in vertical steps of 100 mm. Within the tissue, microprofiles were performed from the tissue surface until the skeleton was reached, which could be observed by a slight bending of the microsensors and enhanced noise in the O 2 signal.
Irradiance calculations
The spectral scalar irradiance, E 0 (l), was measured in vertical depth steps throughout the coral tissue and calculated as the fraction of the incident downwelling irradiance, E 0 (l)/E d (l). By multiplying the normalized scalar irradiance spectra with the measured spectra of absolute downwelling irradiance at the ) as measured by a calibrated spectrometer (Jaz, Ocean optics, USA), we obtained the absolute energy levels of scalar irradiance at the different measuring depths. We converted the absolute scalar irradiance spectra to photon scalar irradiance spectra (in mmol photons m 22 s 21 nm
21
) by using Planck's equation:
where E l is the energy of a photon, l the wavelength, h Planck's constant (6.626 Â 10 234 W s 2 ) and c the speed of light in vacuum (in m s 21 ). The light attenuation in the tissue was calculated by integrating the spectral photon irradiance over PAR (420-700 nm) yielding a measure of PAR photon scalar irradiance (in mmol photons m 22 s
), i.e. light energy available for oxygenic photosynthesis at a given tissue depth. Light less than 420 nm was strongly absorbed in the upper tissue and light measurements in this wavelength range exhibited increasing amounts of stray light from within the spectrometer and were therefore not included.
The PAR irradiance reflectance of the coral tissue surface was calculated as
where E u (l) is the upwelling irradiance at the coral tissue surface, here estimated as the backscattered spectral radiance measured at the coral tissue surface [42] , and E d (l) is the downwelling irradiance estimated as the backscattered spectral radiance measured over a white reflectance standard (Spectralon; Labsphere, North Sutton, NH, USA). R(PAR) measurements rely on the assumption that the backscattered light from the tissue surface was entirely diffused [30, 35, 40] . The absorbed light energy (J ABS ; in J m 22 s
) within the coral tissue and thus available for photosynthesis was calculated by subtracting the downwelling and upwelling irradiance at the tissue surface, as calculated by
where E d (l) and R(l) are the downwelling spectral irradiance and irradiance reflectance, respectively. The parameter J ABS is equivalent to the so-called vector irradiance, which is a measure of the net downwelling energy flux [40] .
Temperature and O 2 calculations
GPP was measured with O 2 microsensors using the light-dark shift method, which allows photosynthesis estimates independent of light respiration [45] . ), i.e. the energy released through O 2 and adenosine triphosphate formation [37, 46] :
Light energy that was not used in photosynthesis resulted in a local increase of the coral tissue surface temperature leading to the establishment of a TBL [15] . The heat dissipation (J H,up ; in J m 22 s 21 ), i.e. the heat flux from the coral tissue into the water column, was estimated from the temperature flux across the TBL and was calculated by Fourier's law of conduction:
where k is the thermal conductivity in seawater (0.6 W m 21 K 21 [47] ) and @T/@z is the measured linear temperature gradient in the TBL.
As microsensor measurements of heat conduction into coral skeleton are very challenging because of high risk of sensor breakage, the downward flux of heat into the coral skeleton was calculated as J H,down ¼ J ABS -(J H,up þ J PS ). The total amount of energy dissipated as heat in the coral tissue (J H ; in J m 22 s
21
) was then calculated as
Light energy budget and photosynthetic efficiency calculations
To estimate the overall radiative energy utilization efficiency of the system, the balanced light energy budget was determined by the following equations:
where J IN is the total incoming light energy flux; J H is the amount of the incoming light energy dissipated as heat; J PS is the amount of the incoming light energy used by photosynthesis; R is the amount of incident light energy backscattered from the coral tissue surface and thus lost from the system; and J ABS is the amount of the incoming light energy absorbed by the system. The final balanced light energy budget characterized the tissue as a homogeneous layer, ignoring any vertical microheterogeneity in symbiont distribution and was defined as
assuming a 1 : 1 stoichiometry of CO 2 fixation and O 2 production, i.e. the energy stored in the light-dependent reaction is completely used for CO 2 fixation in the dark reaction, and that autofluorescence from the tissue is negligible [37] . 1 PS and 1 H represent the efficiencies of photosynthetic energy conservation and heat dissipation at a given absorbed light energy (J ABS ), respectively, and were calculated as [37] 
The photon scalar irradiance of PAR within the coral tissue E 0 (PAR) was fitted to an exponential decay function to estimate the diffuse attenuation coefficient of E 0 (PAR)
The absorption coefficient of PAR within the coral tissue was estimated from the coral tissue irradiance reflectance (R) and the scalar irradiance attenuation coefficient, K 0 (PAR) as [37] 
assuming that photons at each depth have equal probability to propagate in all directions, i.e. a totally diffuse light field within the tissue. The spectral attenuation coefficient (K 0 (l)) of scalar irradiance with depth (z) was calculated as
where E 0 (l) 1 and E 0 (l) 2 are the spectral scalar irradiance measured at depths z 1 and z 2 , respectively [40] . We used these data to identify depths within the coral tissue with the strongest light attenuation and spectral signatures of photopigments. 3. Results
Spectral light microenvironment
In the uppermost coral tissue layers (approx. 0-0.3 mm) there was a local enhancement in scalar irradiance relative to the incident irradiance with maximum values at the coral surface reaching 135 and 191% of the incident downwelling irradiance at 640 and 1280 mmol photons m 22 s
21
, respectively ( figure 2a,b) . Scalar irradiance attenuation spectra showed that the highest light attenuation occurred at the tissueskeleton interface, especially around the absorption maxima of the predominant photopigments Chl a (440 and 675 nm), Chl c (635 nm) and the dinoflagellate carotenoid peridinin (490 nm) ( figure 2c,d ).
Below 0.1 mm depth, E 0 (PAR) was attenuated exponentially with depth in the coral tissue ( figure 3) figure S1 ).
Temperature microenvironment
A slight surface heating of the coral tissue relative to the ambient seawater was observed, which increased with irradiance. A TBL could only be identified at irradiance levels more than 320 mmol photons m 
21
, and increasing temperature gradients of 0.24-0.988C between coral tissue and the ambient water under increasing irradiance (R 2 ¼ 0.98; figure 4b).
O 2 microenvironment and photosynthesis
Local volumetric rates of GPP ranged between 7 and 25 nmol O 2 cm 23 s 21 and O 2 production was detected at all vertical measurement positions within the 0.5-0.7 mm thick coenosarc tissue (figure 5). Generally, GPP peaked approximately 0.1-0.3 mm below the tissue surface; however the vertical distribution of photosynthesis differed under the different experimental irradiance regimes. The O 2 microenvironment within the tissue ranged between 500 and 900 mM (240-430% air saturation) and showed in most cases an increasing trend towards the tissue-skeleton interface (figure 5).
Energy budget
Based on detailed measurements of light, photosynthesis and temperature, we calculated a balanced light energy budget in % of the incident light energy for incident downwelling photon irradiances of 640 and 1280 mmol photons m ), the proportion of the incident light energy that was photochemically conserved decreased to 2.6 and 1.0% under an incident photon irradiance of 640 and 1280 mmol photons m 22 s
21
, respectively. Generally, the energy budget was dominated by heat dissipation and the proportion of energy conserved by photosynthesis decreased with increasing incident irradiance favouring dissipation of heat ( figure 6 and table 2) . The maximum efficiency of photochemical energy conservation, 1 PS, max , and the minimum efficiency of heat dissipation, 1 H, min , were 0.04 and 0.96, respectively (table 2) .
Based on detailed light and photosynthesis measurements, we estimated the QE of photosynthesis in particular depths in the coral tissue ( figure 7) 
Discussion
This fine-scale study of the energy budget and photosynthetic efficiency of the symbiont-bearing scleractinian coral M. curta presents the first detailed account of the fate of incident and absorbed light within coral tissues. Despite the finding that a relatively high proportion of the incident irradiance (approx. 11%) was backscattered at the tissue surface and thus not absorbed ( figure 6 ; electronic supplementary material, figure S1 ) we found that corals are highly efficient at using solar radiation ( figure 7) .
Within the coral tissue, the absorbed light differed from the incident irradiance with respect to both spectral composition (figure 2a,b) . Such enhancement suggests intense scattering and redistribution of photons in the upper layers of the tissue [35] . Tissue scattering increases the local density and residence time of photons because of increased photon pathlength per vertical distance traversed [40] . These findings are similar to recent studies by Wangpraseurt et al. [35, 36] observing scalar irradiance levels rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20130997 reaching up to 200% of the incident downwelling irradiance in the upper coral tissue layers (0-100 mm). We observed the highest attenuation of scalar irradiance in the lowest tissue depth interval, i.e. at the tissue -skeleton interface ( figure 2c,d) , where strong backscatter would further enhance light absorption efficiency by symbionts in the coral tissue [30] .
We found a pronounced positive correlation between increasing incident irradiance and dissipation of heat, leading to the establishment of approximately 3 mm thick TBL at incident irradiances more than 320 mmol photons m 22 s
21
(figure 4a). We also measured a linear increase in tissue surface temperature, resulting in convective heat dissipation over a TBL, with an average slope of 2. The rate of photosynthesis within the illuminated coenosarc coral tissue showed a relatively uniform distribution of photosynthesis throughout the tissue and O 2 concentrations ranged from 500 to 900 mM (240-430% air saturation; figure 5 ). This correlated with the attenuation of PAR observed within the coenosarc tissue ( figures 2 and 3) , where approximately 90% of the incident irradiance remained at the tissue-skeleton interface.
The coral skeleton acts as a diffusion barrier for chemical species, leading to a relative build-up of solutes (such as O 2 ) in the lower tissue layers ( figure 5 ). This has recently been shown to increase the O 2 concentration up to approximately 400% of air saturation at the tissue-skeleton interface [35] . Saturation of photosynthetic activity at high irradiance led to decreased photosynthetic efficiencies, i.e. a decreased proportion of the absorbed light energy was conserved by photosynthesis with increasing incident irradiances (figure 6 and table 2). At increased flow velocity (approx. 0.8 cm s ; figure 6 ). This was unexpected as a decrease in boundary layer thickness owing to increased flow rates normally leads to increased rates of photosynthesis and respiration as a response to alleviation of mass transfer resistance for O 2 and dissolved inorganic carbon exchange [48, 49] . However, we also saw a decreased euphotic zone (i.e. the photosynthetic tissue layer) from approximately 0.6 to 0.4 mm, possibly owing to coenosarc tissue contraction at higher flow. Recently, tissue contraction has been found to reduce the amount of lateral light transfer through coral tissue and could thus explain the observed reduction in local GPP rates [36] .
The volumetric rates of photosynthesis at higher flow were of the same order as at the lower flow velocity, i. , the proportion of the absorbed light energy that was used in photosynthesis still represents a high energy efficiency (figure 6 and table 2) as compared to other photosynthetic systems such as biofilms and microbial mats, where less than 1.8% of the absorbed light energy was conserved by photosynthesis at equivalent vector irradiances [37] .
In comparison with previous studies of the radiative energy budget of benthic photosynthetic systems, such as biofilms and microbial mats [37, 50] A high light usage efficiency in corals was also supported by our measurements of the local QE of photosynthesis showing much higher values than in biofilms or other compact photosynthetic systems of similar thickness and degree of compaction [50] . The local QE generally decreased with increasing incident downwelling irradiances but the maximum QE of 0.102 O 2 per photon under a photon irradiance of 320 mmol photons m 22 s 21 (figure 7) approached the theoretical maximum of 0.125. Such high efficiency values are about an order of magnitude higher than previous estimates that were based on tissue extracts and thus ignored the role of coral tissue and skeleton optics in light absorption efficiency [51 -54] . More similar but still lower QEs were reported when coral absorptance was based on skeleton reflectivity (approx. 0.07 mol O 2 per absorbed mol photons [32] ). Likewise, a study of intact colonies of the coral Montipora monasteriata in shaded environments also showed high QE values of 0.071-0.096 O 2 per incident photon [55] . Such high efficiencies are comparable to macroalgal stands and terrestrial communities such as forests, which exhibit a canopy distribution of the photosynthetic active components facilitating a more uniform availability and use of light throughout the photic zone [56, 57] . It is thus intriguing to speculate whether microscale canopy effects are at play in corals that facilitate the observed high photosynthetic efficiency. Light regulation on a microscale occurs through several mechanisms in corals. Photons incident on the coral surface will be strongly scattered in the coral tissue. This enhances photon pathlength per vertical distance traversed and thus the average residence time of photons at a given point within the tissue increasing the probability of absorption for wavelengths overlapping with absorption maxima of symbiont photopigments or coral host pigments [35] . In combination with refractive index mismatches between coral tissue and water such photon trapping leads to near-surface maxima in scalar irradiance and enhanced spectral filtering [40] . Light can also be transferred laterally through coral tissue thereby leading to a more homogeneous distribution of incident irradiance over the coral [36] . Additionally, photons that have passed through tissue undergo multiple scattering in the coral skeleton, which acts as a Lambertianlike diffuser and thus facilitates further enhancement of Table 2 . light capture by zooxanthellae [30, 58] . Corals thus have several distinct microscale mechanisms that can optimize light capture and usage.
Light regulating mechanisms also operate on larger scales. It is known that individual colonies show a plastic response to the ambient light climate, where for instance coral orientation, branch spacing and corallite architecture are regulated by the ambient light climate [59 -63] . The concerted action of the mentioned micro-and macroscale light regulating mechanisms indeed indicates that symbiontbearing corals have canopy-like optical properties not only at larger colony and reef scales but also at the scale of single polyps, where optical properties of tissue and skeleton act in with behavioural modulation of tissue contraction/ expansion [36, 64] to maintain high QEs and metabolic rates.
In conclusion, we present the first balanced radiative energy budget of a symbiont-bearing coral. The majority (more than 96%) of absorbed light energy was dissipated as heat and the proportion of the absorbed light energy that was photochemically conserved decreased with increasing incident irradiance favouring heat dissipation. Yet, coral symbionts are able to retain a very high photosynthetic activity and efficiency in hospite, and we propose that canopy-like effects involving the interplay between tissue and skeleton optical properties of the coral holobiont are important but largely unexplored factors affecting the successful algal-cnidarian symbiosis and its ability to adapt to different light regimes.
